I. INTRODUCTION
LIDAR (Light Detection And Ranging) was first used in 1953, and in 1962, high-energy or Q-switched pulsed lasers were developed and used for LIDAR application. In 1963, Fiocco and Surllival published work on atmospheric observations using a ruby laser. 1 In 1969, a laser range finder and a target mounted on the Apollo-11, space craft, was used to measure the distance from Earth to the Moon. 2 In 1985, laser range finders reached the stage of mature technologies and have been separated from the LIDAR technology industry. In 2004, the National Institute of Standards and Technology (NIST) adopted the term LADAR (Laser Detection And Ranging) for laser-based RADAR-type systems. 3, 4 There are various methods to measure a distance with a laser source [interferometry, amplitude modulation, frequency modulation, and time-of-flight (TOF) methods]. 5 For higher range capability, a pulsed 3D imaging LADAR system using the TOF is suitable because the light energy is intensively compressed in the form of a pulse in the time domain.
Because shorter laser pulses provide better range precision, typical LADAR systems transmit short pulse of laser light. The generation of a laser pulse is often accomplished using a component within the laser cavity called a Q-switch. However, the shorter pulses demand more sophisticated laser Q-switches.
These engineering issues place practical limits on how short a laser pulse can be made. Current LADAR systems use a few nanoseconds long pulsed laser as a light source.
The shot noise is the randomness in time between photon arrivals. Shot noise sources are background photons, dark current, and received laser pulse. The background photons and the dark current are randomly generated in overall time doa) Author to whom correspondence should be addressed. main. The signals, which are generated by laser-return pulses scattered from the target, are spread over several time bins because of the randomness in times between photon arrivals. These phenomena increased the range precision. And the electronic jitter also increased the range precision. Therefore, the range precision of a LADAR system is limited by shot noise and timing jitter of the electronics. 9 The shot noise and the timing jitter of electronics are sources of random error in a LADAR system. By making the same measurements many times, the randomness of the measurements can be reduced. But, it is time-consuming to repeat the measurements many times (typically 10 4 -10 6 ).
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Therefore, we developed a LADAR system to improve the range precision with a small number of measurements. The LADAR system is implemented by using two GmAPDs with a beam splitter and applying a comparative process to their ends. Then, the timing circuitry receives the electrical signals only if each GmAPDs generates the electrical signals simultaneously. Though this system decreases the energy of a laser-return pulse scattered from the target, range precision with fewer measurements was improved. Additionally, it has the advantage of obtaining a clear 3D image in the acquisition stage of raw TOF data.
In this paper, the improvement of the range precision and reduction of precision error is described in addition to the acquisition of clear 3D image. This system may be useful for accurate object recognition in 3D image processing.
II. RANGE PRECISION OF THE LADAR SYSTEM
Measurement errors are classified into two major categories: Systematic errors and random errors. Systematic errors are errors that will make our results different form the "true" values with reproducible discrepancies. Therefore, systematic errors determine the measurement accuracy. Systematic errors are difficult to detect and cannot be analyzed statistically. They must be estimated from an analysis of the experimental conditions, techniques, and physical interactions. Generally, the systematic errors are sufficiently stable that they can be removed by calibration. Random errors are fluctuations in observations that yield different results each time the experiment is repeated. Random errors determine the measurement range precision. The possible sources of random errors are shot noise associated with photon-counting system, pulse width of laser, and electronic jitter, etc.
The precision is determined by several factors, which are the pulse width of laser pulse ( σ laser ), the timing resolution of detector ( σ detector ), the timing resolution of TDC ( σ TDC ), which is a timing circuit, the jitters of timing system timing jitters generated by electronics ( σ electronics ), the correlation factors of the timing system ( σ jitter = σ electronics + σ correlation ), which are the timing jitters of electronics generated by electronics ( σ electronics ) and the correlation factors of the timing system ( σ correlation ), and they are uncorrelated, and the randomness of noise ( σ noise ), which is generated by background photon and dark current. Therefore, the precision ( σ precision ) is given by
If the threshold processing is performed, the precision will be more decrease due to the reduction of σ noise . Therefore, the precision ( σ precision ) of the LADAR system using single GmAPD is approximately 897 ps ( σ laser = 800 ps, σ detector = 40 ps, σ TDC = 50 ps, and σ jitter = 400 ps). Then, the range precision is approximately 134 mm in distance. If the pulse energy of laser is increased, σ laser is approximately zero. Therefore, σ precision of the LADAR system using single GmAPD is 405 ps ( σ laser = 0 ps, σ detector = 40 ps, σ TDC = 50 ps, and σ jitter = 400 ps). The range precision is approximately 61 mm in distance.
The range precision error caused by photon noise is improved by integrating more measurement. If the error on a single timing measurement is σ , then the error, σ N , on the mean of N measurements, assuming random errors, will be given by
If we use the LADAR system using two GmAPDs, the precision error cause by photon noise can be improved by the factor of 1/ √ 2 with single pulse operation. The GmAPDs are a produces a fast electrical pulse of several volts amplitude in response to the detection of even a single photon. Then a correlation process, which is AND gate process, is conducted. It compares the arrival time of electrical pulses of two GmAPDs. Then the timing circuitry measures the time delay of each electrical pulse. As a result, the information of standard deviation of TOFs is obtained from the data of TOFs.
There are common error ( σ laser , σ TDC ) and different errors ( σ detector , σ jitter , σ noise ) in the LADAR system using two GmAPDs. Compare to common error, the effect of different errors is relatively small in our system. Therefore, σ precision is approximately improved by the factor of 1/ √ 2 by using two GmAPDs. In our system, the range precision is less than 84 mm in low pulse energy and 43 mm in case of high pulse energy.
A. Range precision in LADAR system using two GmAPDs
The schematic diagram of the LADAR system using two GmAPDs is shown in Figure 1 . A laser pulse is emitted by a pulse laser and passes through the optical system, triggering the time-to-digital converter (TDC). The emitted laser pulse is scattered by the target; a part of the scattered laser pulse and background light in the field-of-view (FOV) is collected by the optical system. Then, the collected laser-return pulse and background light are intensity-divided in half and routed to two GmAPDs. A correlation process, which is AND gate process, is conducted by comparing the arrival time of electrical pulses of two GmAPDs. Figure 2 shows the optical system of the LADAR system using two GmAPDs. A diode-pumped passively Q-switching microchip laser with second harmonic generation was used   FIG. 2. Optical system of the LADAR system using two GmAPDs.
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, and an energy of 3 μJ were emitted at a repetition rate that varied in between 2 and 20 kHz, depending on the optical power of the pump light. 8, 11, 14 Some of laser pulse energy was passed through Mirror1 to generate the electrical start signal by the photodiode; the start signal initiated the TDC. Most of the laser pulse was collimated by lenses L1 and L2. Due to the single polarization of the laser, a half-wave plate (HWP) is located before the polarization beam splitter (PBS) to control both the transmission and reflection of the laser pulses at the PBS. The emitted laser pulse is scattered by the target; a part of the scattered laser pulse and background light in the FOV is collected by the optical system. Then, the collected laser-return pulse and background light are intensitydivided in half and routed to two GmAPDs. A GmAPD was used as a detector in a long-range LADAR system due to its high sensitivity. 5, 12, 13 Two GmAPDs (Id Quantique Id100-20-ULN), which have a timing resolution of 40 ps, an afterpulsing probability of 3%, an output pulse width of 10 ns, a dead time of 45 ns, a photon detection probability of 35% at 500 nm wavelength, and a measured mean dark count rate of less than 1 kHz, were used. 5 The TDC (Agilent U1051A), which had six channels and timing resolutions of 50 ps, received electrical stop signals from the GmAPDs.
12, 15 A compact peripheral component interconnect (cPCI) system, which includes TDC and an arbitrary waveform generator (United Electronic Industries PDXI-AO-8/16) was used for data acquisition and controlling a two-axis galvano scanner.
16
The Lambertian-target of 99% reflectance was located at 15 m apart from the LADAR system. Varying the energy of laser pulse, the TOFs of laser pulse were acquired with 10 000 laser pulses. The time bin width (TBW) is an important factor for the correlation process in timing circuitry because the TWB has a connection with the range precision. Therefore, the TBW is also varied from 50 ps to 5 ns. The mean numbers of firings generated by noise, N PE , were 15 kHz and 39 kHz, respectively When applying the functionality of a correlation process to the TOFs, calibration was needed due to the different time-delay characteristics between GmAPD1 and 2. In the case of this experimental setup, there was a timedelay difference of 5.16 ps. To check the comparison of range precision, the LADAR system with single GmAPD system was also examined by controlling the HWP2 in Figure 2 .
The standard deviation (STD) of TOFs is defined as the standard deviation of TOFs,
STD of TOFs
where c is the speed of light ( = 3 × 10 8 m/s 2 ), the N is the total number of TOFs, the TOF i is the time-of-flight data on ith measurement, the T COM is the mean value of TOFs using center of mass method algorithm where the P bin (j) is the target detection on the jth time bin, τ j is the time duration of a time bin. Figure 3 shows the STD of TOFs versus pulse energy and target detection probability versus pulse energy. As the pulse energy was increased, the STD of TOFs was decreased from 134 mm to 61 mm in case of single GmAPD and from 66 mm to 32 mm in case of two GmAPDs. These results were similar to the theoretical values. As the pulse energy increased, the STD of TOFs was decreased in Figure 3(a) because the factor of shot noise, which are generated by laser-return pulses scattered from the target, was reduced. And the reduction of size of TBW caused the decrease of STD of TOFs because the shot noise was also reduced. However, the reduction of the size of TBW causes the reduction of target detection probability as shown in Figure 3(b) . As a result, when the TBW is 50 ps, the average difference of the STD of TOFs between the LADAR system using single GmAPD and using two GmAPDs was 30 mm.
The effect of TBW also appears in Figure 4 where the pulse energy is a constant value, which is 0.6 μJ and 0.1 μJ. The average value of STD of TOFs was improved from 61 mm to 37 mm when the pulse energy is 0.6 μJ; and 58 mm to 41 mm when the pulse energy is 0.1 μJ. Figure 4 shows that the STD of TOFs of the LADAR system using two GmAPDs was always small and constant with some fluctuations compared to the LADAR system using single GmAPD. The small fluctuations are the effect of quantization in time domain.
The experiment on range characteristics was conducted to identify the variation of the STD of TOFs with target location. The STD of TOFs was obtained with 10 000 laser pulses with the target located between 10 m and 100 m distance, at 10 m intervals. The results are shown in Figure 5(a) . The variation of STD of TOFs is 44 mm to 62 mm in the case of two GmAPDs. And, the average difference of the STD of TOFs between the single GmAPD case and the two GmAPDs case was 19 mm.
The single-shot precision error is defined as the STD of a single measurement, while the precision error of N laser pulses is defined as the STD of the several number of the representative range acquired by N laser pulses.
To specify the precision error of the N laser pulses, the N laser pulses are measured (with N = 20 000, 10 000, 1000, 100, 10). The target is located 10 m from the LADAR system. The pulse energy is 0.27 μJ. The mean numbers of firings generated by noise, N PE , were 15 kHz and 39 kHz, respectively.
The reference position (R COM ) is determined using the case of N = 20 000 in this experiment
where the c is the speed of light ( = 3 × 10 8 m/s 2 ), the T COM is the mean value of TOFs using center of mass method algorithm.
The experimental results of precision error are shown in Figure 5 (b). The precision error of two GmAPDs decreased 67 mm to 0.8 mm. The single-shot precision error of two GmAPDs was 67 mm and the single-shot precision error of single GmAPD was 218 mm. The ratio of precision error is defined as the precision error in the case of single GmAPD divided by the precision error in the case of two GmAPDs. The ratio of precision error was from 1.5 to 4.2. It means that the precision improved between 1.5 and 4.2 times greater in the case of two GmAPDs.
As the results indicate, the precision error is reduced by more repeated measurements. The precision error and singleshot precision error caused by shot noise and timing jitter generated by electronics were improved by using two GmAPDs. In addition, the same value of precision error could be obtained with a small number of measurements.
B. 3D image obtained by the LADAR system using two GmAPDs Figure 6 shows a 2D image of a tree and 512 × 512 pixels 3D images were obtained when the location of the tree was 60 m from the LADAR system. The mean numbers of firings generated by noise, N PE , were 2.9 MHz and 2.1 MHz. Considering the signal-to-noise ratio (SNR), the TBW was set to 0.5 ns. Figures 6(b) and 6(c) show the 3D image represented by point cloud method using raw data. Compared to the case of the singe GmAPD, the image resolution was improved and few false alarms, which are caused by noise, were generated. The size of the data was 1.8 megabytes in the case of two GmAPDs, but the size of the data was 25 megabytes in the singe GmAPD case. This was helpful in the reduction of 3D visualization because it reduces the size of memory required in the computer. Therefore, the LADAR system using two GmAPDs can obtain clear and high-precision 3D images quickly with a small number of measurements.
III. CONCLUSION
In this paper, we developed the LADAR system to improve range precision and reduce precision error with a small number of measurements. The LADAR system is implemented by using two GmAPDs with a beam splitter and applying comparative process to their ends. Then, the timing circuitry receives the electrical signals only if each GmAPDs generates the electrical signals simultaneously. Though this system decreases the energy of a laser-return pulse scattered from the target, it is effective in reducing shot noise and timing jitter. The experimental results showed that the average value of STD of TOFs was improved from 61 mm to 37 mm when the pulse energy is 0.6 μJ. When the TBW is 0.5 ns, the single-shot precision error of the LADAR system was also improved from 280 mm to 67 mm by reducing the shot noise and timing jitter. Additionally, it has the advantage of obtaining clear 3D images in the acquisition stage of raw TOF data with a small size of data. This system results in a reduction of time. Additionally, this system will help accurate object recognition in 3D image processing.
